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Abstract
The aim of this study was to determine the effects of
glucosamine on matrix metalloprotease (MMP) production, on
mitogen-activated protein kinase (MAPK) phosphorylation, and
on activator protein (AP)-1 transcription factor activation in
human chondrocytes. The human immortalized cell line lbpva55
and healthy human chondrocytes (obtained from healthy
donors) were subjected to challenge with 10 ng/ml IL-1β after
pretreatment with 2.5 or 10 mmol/l glucosamine. MMP mRNA
expression levels were evaluated using quantitative real-time
PCR, and MMP protein production levels were evaluated in the
culture supernatant using ELISA. MAPK phosphorylation was
evaluated using Western blotting. AP-1 transcription factor
activation was evaluated by measuring AP-1 DNA-binding
activity. After IL-1β stimulation, levels of MMP-1, MMP-3 and
MMP-13 production were markedly increased. Treatment with
2.5 and 10 mmol/l glucosamine reduced expression of these
metalloproteases. MMP expression is regulated by transcription
factors such as the AP-1 complex, which is activated by
phosphorylated MAPKs. IL-1β stimulated phosphorylation of c-
jun amino-terminal kinase, p38 MAPK and extracellular signal-
regulated kinase-1/2. Glucosamine inhibited c-jun amino-
terminal kinase and p38 phosphorylation, and consequently c-
jun binding activity. These findings demonstrate, for the first
time, that glucosamine inhibits IL-1β-stimulated MMP
production in human chondrocytes by affecting MAPK
phosphorylation.
Introduction
The pharmacological treatment of osteoarthritis (OA), a joint
disorder characterized by slow, progressive degradation of the
cartilage, includes analgesic agents and nonsteroidal antin-
flammatory drugs. During recent years there has been growing
interest in alternative treatments for OA, such as glucosamine.
In particular, glucosamine was found to be effective in reduc-
ing joint space narrowing compared with placebo in clinical tri-
als conducted over a period of 3 years [1-4]. It was also found
to be effective in decreasing pain compared with analgesic
agents in OA of the knee [5,6]. A recent trial showed that glu-
cosamine was ineffective in reducing pain in patients with
severe knee OA, but it was more effective when it was used in
combination with chondroitin sulphate in patients with moder-
ate-to-severe pain [7].
Cartilage degradation in OA is due to an imbalance between
synthesis and degradation of extracellular matrix components.
Proinflammatory cytokines, such as IL-1β, which are produced
in OA, trigger several biological effects by stimulating mitogen-
activated protein kinase (MAPK) phosphorylation. The latter
results in activation of transcription factors [8-10], which in
turn upregulate the production of several molecules such as
matrix metalloproteases (MMPs) and aggrecanases.
Increased enzymatic activity of MMPs and aggrecanases is the
major factor responsible for matrix degradation [11,12].
AP = activator protein; Ct = threshold cycle; DMEM = Dulbecco's modified Eagle's medium; ERK = extracellular signal-regulated kinase; FBS = foetal 
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MMP = matrix metalloprotease; OA = osteoarthritis; PBS = phosphate-buffered saline; PCR = polymerase chain reaction.Arthritis Research & Therapy    Vol 9 No 5    Scotto d'Abusco et al.
Page 2 of 9
(page number not for citation purposes)
Several studies have examined the effects of glucosamine on
MMP expression and activity in stimulated chondrocytes,
obtained from various sources. The addition of glucosamine to
cells appears to decrease the activity of MMPs [13-19]. More-
over, most in vitro studies conducted to elucidate the molecu-
lar basis of the effect of glucosamine on cartilage cells [20-24]
demonstrated an anti-inflammatory and chondroprotective role
for this molecule. However, the mechanisms responsible for
these activities are not entirely understood.
To address whether glucosamine can inhibit production of
MMPs by affecting IL-1β-induced MAPK activation, we inves-
tigated the phosphorylation of c-jun amino-terminal kinase
(JNK), p38 and extracellular signal-regulated kinase (ERK)1/2
after pretreatment with glucosamine and stimulation with IL-
1β. Moreover, we analyzed the activation of some activator
protein (AP)-1 transcription factor components. We con-
ducted the study both in the human immortalized chondrocyte
cell line lbpva55 (derived from adult articular healthy cartilage),
which has been demonstrated to be a useful tool for studying
the biology of chondrocytes [25-27], and in human primary
chondrocytes (HPCs) from healthy donors as a further control.
Materials and methods
Cell culture
lbpva55 cell culture was conducted as described previously
[25]. Briefly, human immortalized chondrocytes, from the
lbpva55 cell line, were grown to 80% confluence in Dul-
becco's modified Eagle's medium (DMEM; Sigma, St. Louis,
MO, USA) supplemented with L-glutamine, penicillin/strepto-
mycin (HyClone, Logan, UT, USA) and gentamycin (Roche
Diagnostic, Mannheim, Germany), along with 20% foetal
bovine serum (FBS). The cells were then transferred in DMEM
plus 10% FBS. After overnight incubation, the monolayer was
rinsed with phosphate-buffered saline (PBS; Sigma) and incu-
bated with culture medium containing 1% Nutridoma-SP
(Roche). Medium was changed twice a week and the cells
were split once. In these culture conditions, after 14 days the
cells re-expressed the differentiated chondrocyte phenotype
(namely collagen type IIA1 mRNA) [25].
HPCs were isolated from cartilage obtained from six healthy
donors. Full informed consent was obtained from all donors
and families.
Articular cartilages were aseptically dissected. Chondrocytes
were obtained after sequential digestion with protease type IV
(Sigma; 1 mg/ml) for 30 minutes and collagenase type II
(Sigma; 1 mg/ml) for 90 minutes, both in Hank's medium
(Hyclone). Chondrocytes were grown to 80% confluence in
DMEM, supplemented as described above, along with 10%
FBS. Experiments were performed with first passage cells in
DMEM containing 1% FBS and were repeated in HPCs
derived from the six donors, analyzing each sample separately.
Cell treatment
lbpva55 cell line and HPCs were seeded in 60 mm plates at
density of about 3 × 106 per plate. Cells were left untreated or
treated with 10 ng/ml recombinant IL-1β (PeproTech House,
London, UK) or pretreated for 2 hours with 2.5 or 10 mmol/l
(0.54 and 2.16 mg/ml, respectively) glucosamine (Sigma) and
then stimulated with 10 ng/ml IL-1β for 22 hours. Culture
supernatants were collected and analyzed by ELISA, and cells
were harvested and processed for quantitative real-time PCR.
To analyze early responsive proteins, JNK, p38, ERK1/2 and
AP-1 components, lbpva55 cells and HPCs were pre-incu-
bated for 2 hours in 2.5 or 10 mmol/l glucosamine containing
medium and then stimulated with 10 ng/ml IL-1β for 15 min-
utes. Cells were harvested and conveniently processed for
Western blot analysis or for DNA-binding activity.
RNA extraction and reverse-transcription
Total RNA was extracted using TRIZOL reagent (Invitrogen,
Carlsbad, CA, USA), in accordance with the manufacturer's
instructions. Briefly, a confluent 60 mm plate, either of lbpva55
or HPCs, was washed with PBS and homogenized in 1 ml TRI-
ZOL reagent. RNA was stored at -80°C until use.
cDNA was synthesized from 1 μg total RNA, using reverse
transcriptase Improm II enzyme (Promega Corporation, Madi-
son, WI, USA) in accordance with the manufacturer's instruc-
tions, and analyzed by quantitative real-time PCR.
Real-time PCR
Quantitative real-time PCR analysis was performed using an
ABI Prism 7300 (Applied Biosystems, Foster City, CA, USA).
Amplification was carried out with 50 ng cDNA, in 96-well
plates, using SYBR Green PCR Master mix (Applied Biosys-
tems) in a 25 μl volume. Each sample was analyzed in tripli-
cate. PCR conditions were as follows: 94°C for 10 minutes
followed by 40 cycles of 94°C for 15 seconds and 60°C for 1
minute. Primers were designed using Primer Express software
(Applied Biosystems) and were synthesized by Primm (Milan,
Italy). The primer sequences are summarized in Table 1. The
results were analyzed using Sequence Detection Systems
software (Applied Biosystems), which automatically records
the threshold cycle (Ct). The untreated cell sample (control)
was used as a calibrator; the fold change for control was 1.0.
Target gene Ct values were normalized against GAPDH. Data
were analyzed using the 2-ΔΔCt method and expressed as fold
change compared to control.
ELISA
For quantification of MMP levels in the culture medium, cells
were treated as described above. Twenty-four hours after
treatment, supernatants were collected and stored at -80°C
until analysis using ELISA. Human MMP-1 ELISA kits were
purchased from Chemicon International, Inc. (Temecula, CA,
USA), and human MMP-3 and MMP-13 ELISA kits wereAvailable online http://arthritis-research.com/content/9/5/R104
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purchased from Amersham Biosciences (GE Healthcare
Europe, Milan, Italy). The experiments were performed in
accordance with the manufacturers' instructions.
Western blotting
To analyze MAPK phosphorylation, we performed Western
blotting experiments. Cells, treated as described above, were
washed with PBS and then scraped in 2× denaturing SDS
buffer (Sigma). Extracts were heated to 100°C for 5 minutes
and resolved on 10% SDS-PAGE. Gels were transferred to
Hybond C membranes (GE Healthcare) by electroblotting
(Bio-Rad Laboratories, Hercules, CA, USA) and probed with
specific antibodies, in accordance with the manufacturers'
instructions. Antibodies to JNK, phosphorylated-JNK and p38
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA), antibodies to ERK1/2 and phosphorylated-
ERK1/2 were from Biosource International (Camarillo, CA,
USA), and antibodies to phosphorylated-p38 were from
Chemicon International, Inc.
AP-1 binding assay
Nuclear proteins were obtained from HPCs, treated as
described above, using the Nuclear Extracts Kit (Active Motif,
Carlsbad, CA, USA), in accordance with the manufacturer's
instructions. Pellets were resuspended in 22 μl of Active Motif
lysis buffer and proteins were measured (Bio-Rad Protein
Assay). AP-1 consensus nucleotide binding activity from
nuclear extracts (8 μg) was assessed using the TransAM AP-
1 family kit (Active Motif), as recommended by the manufac-
turer. Nuclear extract was added to the immobilized oligonu-
cleotides, followed by primary transcription factor antibody,
secondary horse radish peroxidase (HRP)-conjugated anti-
body and HRP substrate, and colorimetric values (measured
at 450 nm) were plotted.
Statistical analysis
Each experiment was repeated at least three times. The statis-
tical significance of the differences between mean values was
determined using a two-tailed t-test. P ≤ 0.05 was considered
statistically significant. Where appropriate, results are
expressed as the mean ± standard error.
Results
Effect of glucosamine on expression of MMPs in the 
lbpva55 cell line
After stimulation with IL-1β, MMP-1 and MMP-13 mRNA levels
were markedly upregulated (both MMPs almost 80-fold). Pre-
treatment with 2.5 mmol/l and 10 mmol/l glucosamine inhib-
ited MMP-1 and MMP-13 mRNA expression (Figure 1a,b), but
only the treatment with 10 mmol/l glucosamine yielded a sta-
tistically significant effect (P < 0.05 for MMP1 and P < 0.03
for MMP-13). MMP-8 mRNA expression was not upregulated
by IL-1β (data not shown). Consistent with quantitative real-
time PCR findings, the ELISA assay demonstrated that levels
of MMP-1 and MMP-13 protein secreted into the media were
significantly decreased by 10 mmol/l glucosamine (P < 0.05;
Figure 1c,d).
Table 1
Sequences of primers used to quantify gene expression by real-time PCR
Gene Primers GenBank
GAPDH Forward: GGAGTCAACGGATTTGGTCGTA NM_002046
Reverse: GGCAACAATATCCACTTTACCAGAGT
MMP-1 Forward: GATGGACCTGGAGGAAATCTTG NM_002421
Reverse: TGAGCATCCCCTCCAATACC
MMP-2 Forward: GCACCCATTTACACCTACACCAA NM_004530
Reverse: AGAGCTCCTGAATGCCCTTGA
MMP-3 Forward: CCTGGTACCCACGGAACCT NM_002422
Reverse: AGGACAAAGCAGGATCACAGTTG
MMP-8 Forward: GACCAACACCTCCGCAAATT NM_002424
Reverse: CCCCAAAGAATGGCCAAAT
MMP-9 Forward: GGACGATGCCTGCAACGT NM_004994
Reverse: ACAAATACAGCTGGTTCCCAATC
MMP-13 Forward: TTCTTGTTGCTGCGCATGA NM_002427
Reverse: TGCTCCAGGGTCCTTGGA
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MMP, matrix metalloprotease.Arthritis Research & Therapy    Vol 9 No 5    Scotto d'Abusco et al.
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IL-1β stimulated by 1,500-fold the expression of MMP-3
mRNA. This stimulation was significantly counteracted by 10
mmol/l glucosamine (P < 0.05; Figure 2a). IL-1β also stimu-
lated secretion of MMP-3, which was counteracted by 2.5
mmol/l glucosamine and significantly so by 10 mmol/l glu-
cosamine (P < 0.03; Figure 2b).
Levels of MMP-2 and MMP-9 mRNA expression were not
upregulated by cytokine stimulation (data not shown) and their
protein levels were not analyzed.
Effect of glucosamine on expression of MMPs in HPCs
MMP-1, MMP-3 and MMP-13 were also stimulated by IL-1β in
HPCs at both mRNA and protein levels, and the stimulation
was counteracted by glucosamine treatment. MMP-1 mRNA
expression level was stimulated 140-fold, MMP-3 180-fold
and MMP-13 170-fold. All three MMPs were downregulated
by 2.5 mmol/l and significantly so by 10 mmol/l glucosamine
(P < 0.01 for MMP-1 and P < 0.05 for MMP-13 [Figure 3a,b]
and P < 0.03 for MMP-3 [Figure 4a]). Levels of MMP-1 and
MMP-3 secretion induced by IL-1β were higher compared
than those of MMP-13. At any rate, 10 mmol/l glucosamine
was effective in significantly downregulating all three MMPs (P
< 0.05 for MMP-1 and P < 0.01 for MMP-13 [Figure 3c,d] and
P < 0.03 for MMP-3 [Figure 4b]).
Effect of glucosamine on IL-1β-induced phosphorylation 
of JNK, p38 and ERK1/2 MAP kinases in lbpva55 cell line 
and HPCs
We analyzed the phosphorylation levels of three MAPKs,
namely JNK, p38 and ERK1/2, by Western blotting. Time
course experiments showed that 15 minutes of stimulation
with IL-1β was able to induce phosphorylation of all three
kinases analyzed in lbpva55 cells and HPCs (data not shown).
Two hours of pretreatment with 2.5 or 10 mmol/l glucosamine
prevented the phosphorylations of JNK (Figure 5a) and p38
(Figure 5b) in lbpva55 cells. Glucosamine was ineffective in
counteracting the phosphorylation of ERK1/2 (Figure 5c).
Figure 1
Effect of glucosamine on MMP-1 and MMP-13 expression in lbpva55 cells stimulated with 10 ng/ml IL-1β Effect of glucosamine on MMP-1 and MMP-13 expression in lbpva55 cells stimulated with 10 ng/ml IL-1β. Cells were pretreated for 2 hours with 2.5 
or 10 mmol/l glucosamine (G2.5 and G10, respectively), and then stimulated with IL-1β for 22 hours. mRNA was extracted and analyzed by quanti-
tative real-time PCR, and cell supernatant was analyzed by ELISA. Shown are (a) matrix metalloprotease (MMP)-1 and (b) MMP-13 mRNA levels, 
and (c) MMP-1 and (d) MMP-13 protein amounts. Quantitative real-time PCR results are expressed in relative arbitrary units (AU), and ELISA results 
are expressed in ng/ml or pg/ml. Results are expressed as mean ± standard error, obtained in three different experiments. *P ≤ 0.05. CTL, control.Available online http://arthritis-research.com/content/9/5/R104
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Similar findings were obtained in HPCs; IL-1β-induced phos-
phorylation of JNK and p38 was prevented by both 2.5 and 10
mmol/l glucosamine, which had no effect on ERK1/2 phos-
phorylation (Figure 6a,b,c).
Effect of glucosamine on AP-1 transcription factor 
activation
We next examined the effects of glucosamine on AP-1 compo-
nents in HPCs. In our experimental conditions, 15 minutes of
stimulation with IL-1β induced c-jun and junD DNA binding
activity. Two hours of pretreatment with 2.5 and 10 mmol/l glu-
cosamine significantly reduced c-jun DNA binding activity (P
< 0.03; Figure 7), whereas junD binding activity was reduced
to a lower degree (data not shown).
Discussion
Imbalance between catabolic and anabolic factors in OA leads
to degradation of articular cartilage. Catabolic factors include
proinflammatory cytokines IL-1β and tumour necrosis factor-α,
which stimulate intracellular signalling such as MAPK activa-
tion, which results in overproduction of several molecules,
including MMPs [8-10]. In our experimental model, stimulation
of the lbpva55 cell line with 10 ng/ml IL-1β resulted in upreg-
ulation of mRNA and protein expression of collagenases
MMP-1 and MMP-13 and the stromelysin MMP-3. Pretreat-
ment with 2.5 and 10 mmol/l glucosamine was able, to differ-
ing degrees, to downregulate mRNA and protein levels of
MMP-1, MMP-3 and MMP-13.
These findings were confirmed in HPCs. In these cells as well,
over-expression of MMP-1, MMP-3 and MMP-13 induced by
IL-1β stimulation was downregulated by 2.5 and 10 mmol/l
glucosamine pretreatment at both mRNA and protein levels.
These findings are in agreement with those obtained by Naka-
mura and coworkers [18] in healthy and OA human chondro-
cytes. The lbpva55 cell line produces higher basal amounts of
MMPs [27] as compared with those produced by HPCs, but
MMP production is similarly stimulated by IL-1β and inhibited
by glucosamine both in lbpva55 and HPCs.
To address the hypothesis that glucosamine can downregu-
late MMP production by affecting MAPK activation and there-
fore activation of transcription factors, we analyzed
phosphorylation of JNK, p38 and ERK1/2 MAPKs. Phosphor-
ylation of ERK1/2 was increased by IL-1β but was not
decreased by glucosamine pretreatment. During the early
phases of OA, proinflammatory cytokines promote chondro-
cyte proliferation. The ERK1/2 pathway is essential in proc-
esses that involve cellular proliferation and differentiation
[28,29]. Chondrocytes stimulated in vitro with IL-1β mimic
early phase OA, thus explaining the increased level of phos-
phorylation of ERK1/2. Nevertheless, glucosamine was inef-
fective in preventing phosphorylation of this kinase. JNK and
p38 are involved in cellular stress; they are phosphorylated in
response to proinflammatory cytokines, resulting in activation
of transcription factors such as AP-1 complex [30], which are
involved in expression of MMPs [8-10]. We found increased
phosphorylation of JNK and p38 in samples stimulated with IL-
1β, and decreased phosphorylation level in samples pre-
treated with 2.5 or 10 mmol/l glucosamine and then stimulated
with IL-1β. Moreover, c-jun and junD activity were affected by
glucosamine pretreatment in HPCs. Both c-jun [8-10] and
junD [31] are involved in transcription of MMPs; inhibition of
their activity is in accordance with decreased MMP produc-
Figure 2
Effect of glucosamine on MMP-3 expression in lbpva55 cell line stimulated with 10 ng/ml IL-1β Effect of glucosamine on MMP-3 expression in lbpva55 cell line stimulated with 10 ng/ml IL-1β. Cells were pretreated for 2 hours with 2.5 or 10 
mmol/l glucosamine (G2.5 and G10, respectively), and then stimulated with IL-1β for 22 hours. mRNA was extracted and analyzed by quantitative 
real-time PCR, and cell supernatant was analyzed by ELISA. Shown are (a) matrix metalloprotease (MMP)-3 mRNA and (b) MMP-3 protein levels. 
Quantitative real-time PCR results are expressed in relative arbitrary units (AU) and ELISA results are expressed in ng/ml. Results are expressed as 
mean ± standard error, obtained in three different experiments. *P ≤ 0.05. CTL, control.Arthritis Research & Therapy    Vol 9 No 5    Scotto d'Abusco et al.
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tion. Transcription of MMPs is also under the control of nuclear
factor-κB [8]. Other investigators previously showed that glu-
cosamine can interfere with nuclear factor-κB activation [22].
In our laboratory we confirmed that 2.5 and 10 mmol/l glu-
cosamine prevent the migration into the nucleus of a nuclear
factor-κB subunit, namely p65 (data not shown).
The decreased phosphorylation MAPKs may be explained by
the role played by glucosamine in O-glycosylation of some
proteins. Glucosamine, when it enters into the cells, can
undergo several fates, one of which is N-acetylation; the result-
ing N-acetylglucosamine can modify several proteins by cou-
pling itself to the serine or threonine residues of those
proteins. These include kinases, phosphatases, transcription
factors and metabolic enzymes, among others. O-glycosyla-
tion is thought to act in manner analogous to phosphorylation;
in fact, O-glycosylation levels respond to cellular signals
[32,33]. O-glycosylation and phosphorylation have been
shown to be reciprocal on some proteins [32]. In other
proteins, glycoforms and phosphoforms are distinct, although
the sites are a few amino acids from each other [32].
We can speculate that O-glycosylation on JNK and p38
MAPKs inhibits their phosphorylation by utilizing the same
sites, either by steric hindrance or modulation of the local pro-
tein structure. O-glycosylation on the ERK1/2 kinase could
utilize different sites or sites localized far away from those of
phosphorylation; this could explain why glucosamine does not
affect ERK1/2 phosphorylation.
Our findings on inhibition of MAPK phosphorylation by glu-
cosamine are not in agreement with those reported by
Shikhman and coworkers [20], who found that N-acetylglu-
cosamine counteracted the stimulations exerted by IL-1β on
human chondrocytes, but its action was not associated with
decreased phosphorylation of MAPKs. This discrepancy may
Figure 3
Effect of glucosamine on MMP-1 and MMP-13 expression in HPCs stimulated with 10 ng/ml IL-1β Effect of glucosamine on MMP-1 and MMP-13 expression in HPCs stimulated with 10 ng/ml IL-1β. Cells were pretreated for 2 hours with 2.5 and 
10 mmol/l glucosamine (G2.5 and G10, respectively), and then stimulated with IL-1β for 22 hours. mRNA was extracted and analyzed by quantita-
tive real-time PCR, and cell supernatant was analyzed by ELISA. Shown are (a) matrix metalloprotease (MMP)-1 and (b) MMP-13 mRNA levels, and 
(c) MMP-1 and (d) MMP-13 protein amounts. Quantitative real-time PCR results are expressed in relative arbitrary units (AU) and ELISA results are 
expressed in ng/ml or pg/ml. Results are expressed as mean ± standard error, obtained in six different experiments. *P ≤ 0.05. CTL, control; HPC, 
human primary chondrocyte.Available online http://arthritis-research.com/content/9/5/R104
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Figure 4
Effect of glucosamine on MMP-3 expression in HCPs stimulated with 10 ng/ml IL-1β Effect of glucosamine on MMP-3 expression in HCPs stimulated with 10 ng/ml IL-1β. Cells were pretreated for 2 hours with 2.5 or 10 mmol/l glu-
cosamine (G2.5 and G10, respectively), and then stimulated with IL-1β for 22 hours. mRNA was extracted and analyzed by quantitative real-time 
PCR, and cell supernatant was analyzed by ELISA. Shown are (a) matrix metalloprotease (MMP)-3 mRNA level and (b) MMP-3 protein level. Quan-
titative real-time PCR results are expressed in relative arbitrary units (AU) and ELISA results are expressed in ng/ml. Results are expressed as mean 
± standard error, obtained in six different experiments. *P ≤ 0.05. CTL, control; HPC, human primary chondrocyte.
Figure 5
Effect of glucosamine MAPK phosphorylation in lbpva55 cells stimulated with 10 ng/ml IL-1β Effect of glucosamine MAPK phosphorylation in lbpva55 cells stimulated with 10 ng/ml IL-1β. Cells were pretreated for 2 hours with 2.5 or 10 
mmol/l glocosamine (G2.5 and G10, respectively), and then stimulated with IL-1β for 15 minutes. Whole cell extract was prepared as described in 
Materials and methods. Proteins were resolved on SDS-PAGE, electrotransferred, and immunoblotted. Antibodies to (a) phosphorylated (p)-c-jun 
amino-terminal kinase (JNK) and total JNK, (b) p-p38 and total p38, and (c) p-extracellular signal-regulated kinase (ERK)1/2 and total ERK1/2 were 
used to visualize mitogen-activated protein kinase (MAPK) phosphorylation. Representative data from three independent experiments are shown. 
CTL, control.
Figure 6
Effect of glucosamine MAPK phosphorylation in HPCs stimulated with 10 ng/ml IL-1β Effect of glucosamine MAPK phosphorylation in HPCs stimulated with 10 ng/ml IL-1β. Cells were pretreated for 2 hours with 2.5 or 10 mmol/l glu-
cosamine (G2.5 and G10, respectively), and then stimulated with IL-1β for 15 minutes. Whole cell extract was prepared as described in Materials 
and methods. Proteins were resolved on SDS-PAGE, electrotransferred and immunoblotted. Antibodies to (a) phosphorylated (p)-c-jun amino-termi-
nal kinase (JNK) and total JNK, (b) p-p38 and total p38, and (c) p-extracellular signal-regulated kinase (ERK)1/2 and total ERK1/2 were used to vis-
ualize mitogen-activated protein kinase (MAPK) phosphorylation. Representative data from six independent experiments are shown. CTL, control; 
HPC, human primary chondrocyte.Arthritis Research & Therapy    Vol 9 No 5    Scotto d'Abusco et al.
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be explained by the time period considered. Shikhman and
coworkers analyzed phosphorylation 24 hours after IL-1β
stimulation, whereas we examined MAPK phosphorylation 15
minutes after IL-1β stimulation, which is the best time to
identify JNK, p38 and ERK1/2 phosphorylation because it
takes into account the fact that MAPK phosphorylation is an
early event in cell stimulation.
We analyzed the mRNA expression of gelatinases MMP-2 and
MMP-9, but lbpva55 cells were not stimulated by IL-1β to
over-produce these molecules. This finding is in agreement
with those reported by Chan and coworkers [34], who did not
identify upregulation of MMP-2 and MMP-9 in bovine chondro-
cytes stimulated with IL-1β, and with those reported by Duerr
[35] and Soder [36] and their colleagues, who obtained simi-
lar results in human chondrocytes. In contrast, equine
chondrocytes stimulated with lipopolysaccharide exhibited
upregulated MMP-2 and MMP-9 protein levels [17].
Our experiments were performed with 2.5 and 10 mmol/l glu-
cosamine; 10 mmol/l was more effective than 2.5 mmol/l in
terms of MMP expression. Nevertheless, 2.5 mmol/l was
almost as 10 mmol/l glucosamine in terms of affect on MAPK
phosphorylation and AP-1 activation. The concentrations we
used of both glucosamine and IL-1β are rather high and sup-
raphysiological. As such, the results obtained are not reflective
of the in vivo situation that occurs following oral administration
of glucosamine in OA. Neither are they representative of the
biological response that may be achieved. However, it was not
our intention to model directly the in vivo situation; rather, our
purpose was to seek an explanation for the effects of
glucosamine on the biology of chondrocytes in vitro. The biol-
ogy of the cell in vitro is affected by various factors, including
cell medium. Our cell medium contains 25 mmol/l glucose;
glucosamine utilizes glucose transporters to be taken up by
the cells, competing with glucose [37,38]. Therefore, to
appreciate the effect of glucosamine in the presence of high
glucose concentrations, it was necessary to use a high con-
centration of glucosamine. Several authors utilize 10 ng/ml IL-
1β and 10 mmol/l glucosamine [20-22,24], but other authors
utilize lower glucosamine concentrations and lower IL-1β con-
centrations or culture medium containing a low concentration
of glucose [13,16,18,23].
Conclusion
We showed that pretreatment of human chondrocytes with
glucosamine inhibited IL-1β-induced expression of MMP-1,
MMP-3 and MMP-13, which are classical markers of inflamma-
tion and cartilage degradation in OA joints. It achieved this by
affecting phosphorylation of JNK and p38 MAPKs and conse-
quently inhibiting c-jun and junD activation. Other compounds,
too, have been shown to inhibit production of MMPs by affect-
ing MAPK activation in chondrocytes [39,40], but no explana-
tion has yet been reported. Further investigations are required,
and are in progress in our laboratory, to establish the mecha-
nism utilized by glucosamine to inhibit MAPK phosphorylation.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
ASdA conceived the design of the study, carried out the cell
cultures, performed quantitative real-time PCR, coordinated
and trained others to perform the experiments, participated in
statistical analysis, and coordinated all phases of manuscript
writing. VC carried out ELISA and Western blot experiments,
and participated in cell cultures and in statistical analysis. CC
carried out quantitative real-time PCR experiments, and partic-
ipated in cell cultures and in statistical analysis. BG carried out
cell line immortalization and helped to draft the manuscript. LP
and RS coordinated the laboratory work, participated in data
analysis and helped to draft the manuscript. All authors read
and approved the final manuscript.
Acknowledgements
This work was supported by the grant 'Progetto di Facoltà' from 
Sapienza University of Roma.
References
1. Reginster JY, Deroisy R, Rovati LC, Lee RL, Lejeune E, Bruyere O,
Giacovelli G, Henrotin Y, Dacre JE, Gosset C: Long-term effects
of glucosamine sulphate on osteoarthritis progression: a ran-
domised, placebo-controlled clinical trial.  Lancet 2001,
357:251-256.
2. Pavelka K, Gatterova J, Olejarova M, Machacek S, Giacovelli G,
Rovati LC: Glucosamine sulphate use and delay of progres-
sion of knee osteoarthritis: a 3-year, randomized, placebo-
controlled, double-blind study.  Arch Intern Med 2002,
162:2113-2123.
Figure 7
Effect of glucosamine on c-jun DNA-binding activity in HPCs stimulated  with 10 ng/ml IL-1β Effect of glucosamine on c-jun DNA-binding activity in HPCs stimulated 
with 10 ng/ml IL-1β. Cells were pretreated with 2.5 and 10 mmol/l glu-
cosamine (G2.5 and G10, respectively) for 2 hours and then stimulated 
with IL-1β for 15 minutes. Nuclear extract was prepared as described 
in Materials and methods. Results are expressed as optical density 
(OD) measured at 450 nm and represent the mean ± standard error of 
data obtained in six different experiments. *P ≤ 0.05. CTL, control; 
HPC, human primary chondrocyte.Available online http://arthritis-research.com/content/9/5/R104
Page 9 of 9
(page number not for citation purposes)
3. Bruyere O, Honore A, Ethgen O, Rovati LC, Giacovelli G, Henrotin
YE, Seidel L, Reginster JY: Correlation between radiographic
severity of knee osteoarthritis and future disease progression.
Results from a 3-year prospective, placebo-controlled study
evaluating the effect of glucosamine sulfate.  Osteoarthritis
Cartilage 2003, 11:1-5.
4. Towheed TE: Current status of glucosamine therapy in
osteoarthritis.  Arthritis Rheum 2003, 49:601-604.
5. Muller-Fassbender H, Bach GL, Haase W, Rovati LC, Setnikar I:
Glucosamine sulfate compared to ibuprofen in osteoarthritis
of the knee.  Osteoarthritis Cartilage 1994, 2:61-69.
6. Lopez Vaz A: Double-blind clinical evaluation of the relative
efficacy of ibuprofen and glucosamine sulphate in the man-
agement of osteoarthrosis of the knee in out-patients.  Curr
Med Res Opin 1982, 8:145-149.
7. Clegg DO, Reda DJ, Harris CL, Klein MA, O'Dell JR, Hooper MM,
Bradley JD, Bingham CO 3rd, Weisman MH, Jackson CG, et al.:
Glucosamine, chondroitin sulfate, and the two in combination
for painful knee osteoarthritis.  N Engl J Med 2006,
354:795-808.
8. Mengshol JA, Vincenti MP, Coon CI, Barchowsky A, Brinckerhoff
CE: Interleukin-1 induction of collagenase 3 (matrix metallo-
proteinase 13) gene expression in chondrocytes requires p38,
c-Jun N-terminal kinase, and nuclear factor kappaB: differen-
tial regulation of collagenase 1 and collagenase 3.  Arthritis
Rheum 2000, 43:801-811.
9. Westermarck J, Li SP, Kallunki , Han J, Kahari VM: p38 mitogen-
activated protein kinase-dependent activation of protein phos-
phatases 1 and 2A inhibits MEK1 and MEK2 activity and colla-
genase 1 (MMP-1) gene expression.  Mol Cell Biol 2001,
21:2373-2383.
10. Liacini A, Sylvester J, Li WQ, Huang W, Dehnade F, Ahmad M,
Zafarullah M: Induction of matrix metalloproteinase-13 gene
expression by TNF-alpha is mediated by MAP kinases, AP-1,
and NF-kappaB transcription factors in articular chondrocytes.
Exp Cell Res 2003, 288:208-217.
11. Nagase H, Kashiwagi M: Aggrecanases and cartilage matrix
degradation.  Arthritis Res Ther 2003, 5:94-103.
12. Burrage PS, Mix KS, Brinckerhoff CE: Matrix metalloproteinases:
role in arthritis.  Front Biosci 2006, 11:529-543.
13. Sandy JD, Gamett D, Thompson V, Verscharen C: Chondrocyte-
mediated catabolism of aggrecan: aggrecanase-dependent
cleavage induced by interleukin-1 or retinoic acid can be inhib-
ited by glucosamine.  Biochem J 1998, 335:59-66.
14. Fenton JI, Chlebek-Brown KA, Peters TL, Caron JP, Orth MW: Glu-
cosamine HCl reduces equine articular cartilage degradation
in explant culture.  Osteoarthritis Cartilage 2000, 8:258-265.
15. Orth MW, Peters TL, Hawkins JN: Inhibition of articular cartilage
degradation by glucosamine-HCl and chondroitin sulphate.
Equine Vet J 2002, 34:224-229.
16. Dodge GR, Jimenez SA: Glucosamine sulfate modulates the
levels of aggrecan and matrix metalloproteinase-3 synthe-
sized by cultured human osteoarthritis articular chondrocytes.
Osteoarthritis Cartilage 2003, 11:424-432.
17. Byron CR, Orth MW, Venta PJ, Lloyd JW, Caron JP: Influence of
glucosamine on matrix metalloproteinase expression and
activity in lipopolysaccharide-stimulated equine chondrocytes.
Am J Vet Res 2003, 64:666-671.
18. Nakamura H, Shibakawa A, Tanaka M, Kato T, Nishioka K: Effects
of glucosamine hydrochloride on the production of prostag-
landin E2, nitric oxide and metalloproteases by chondrocytes
and synoviocytes in osteoarthritis.  Clin Exp Rheumatol 2004,
22:293-299.
19. Uitterlinden EJ, Jahr H, Koevoet JLM, Jenniskens YM, Bierma-Zein-
stra SMA, DeGroot J, Verhaar JA, Weinans H, van Osch GJ: Glu-
cosamine decreases expression of anabolic and catabolic
genes in human osteoarthritic cartilage explants.  Osteoarthri-
tis Cartilage 2006, 14:250-257.
20. Shikhman AR, Kuhn K, Alaaeddine N, Lotz M: N-acetylglu-
cosamine prevents IL-1 beta-mediated activation of human
chondrocytes.  J Immunol 2001, 166:5155-5160.
21. Gouze JN, Bordji K, Gulberti S, Terlain B, Netter P, Magdalou J,
Fournel-Gigleux S, Ouzzine M: Interleukin-1beta down-regu-
lates the expression of glucuronosyltransferase I, a key
enzyme priming glycosaminoglycan biosynthesis: influence of
glucosamine on interleukin-1beta-mediated effects in rat
chondrocytes.  Arthritis Rheum 2001, 44:351-360.
22. Largo R, Alvarez-Soria MA, Diez-Ortego I, Calvo E, Sanchez-Per-
naute O, Egido J, Herrero-Beaumont G: Glucosamine inhibits IL-
1beta-induced NFkappaB activation in human osteoarthritic
chondrocytes.  Osteoarthritis Cartilage 2003, 11:290-298.
23. Chan PS, Caron JP, Rosa GJ, Orth MW: Glucosamine and chon-
droitin sulfate regulate gene expression and synthesis of nitric
oxide and prostaglandin E(2) in articular cartilage explants.
Osteoarthritis Cartilage 2005, 13:387-394.
24. Gouze JN, Bianchi A, Becuwe P, Dauca M, Netter P, Magdalou J,
Terlain B, Bordji K: Glucosamine modulates IL-1-induced acti-
vation of rat chondrocytes at a receptor level, and by inhibiting
the NF-kappa B pathway.  FEBS Lett 2002, 510:166-170.
25. Grigolo B, Roseti L, Neri S, Gobbi P, Jensen P, Major EO, Facchini
A: Human articular chondrocytes immortalized by HPV-16 E6
and E7 genes: Maintenance of differentiated phenotype under
defined culture conditions.  Osteoarthritis Cartilage 2002,
10:879-889.
26. Scotto d'Abusco A, Cicione C, Calamia V, Negri R, Giordano C,
Grigolo B, Politi L, Scandurra R: Glucosamine and its N-acetyl-
phenylalanine derivative prevent TNF-alpha-induced tran-
scriptional activation in human chondrocytes.  Clin Exp
Rheumatol 2007, 25:847-852.
27. Roseti L, Facchini A, De Franceschi L, Marconi E, Major EO, Grig-
olo B: Induction of original phenotype of human immortalized
chondrocytes: a quantitative gene expression analysis.  Int J
Mol Med 2007, 19:89-96.
28. Seger R, Krebs EG: The MAPK signaling cascade.  FASEB J
1995, 9:726-735.
29. English J, Pearson G, Wilsbacher J, Swantek J, Karandikar M, Xu
S, Cobb MH: New insights into the control of MAP kinase
pathways.  Exp Cell Res 1999, 253:255-270.
30. Firestein GS, Manning AM: Signal transduction and transcrip-
tion factors in rheumatic disease.  Arthritis Rheum 1999,
42:609-621.
31. Ijiri K, Zerbini LF, Peng H, Correa RG, Lu B, Walsh N, Zhao Y, Tan-
iguchi N, Huang XL, Otu H, et al.: A novel role for GADD45beta
as a mediator of MMP-13 gene expression during chondrocyte
terminal differentiation.  J Biol Chem 2005, 280:38544-38555.
32. Zachara NE, Hart GW: O-GlcNAc a sensor of cellular state: the
role of nucleocytoplasmic glycosylation in modulating cellular
function in response to nutrition and stress.  Biochim Biophys
Acta 2004, 1673:13-28.
33. Zachara NE, Hart GW: Cell signaling, the essential role of O-
GlcNAc!  Biochim Biophys Acta 2006, 1761:599-617.
34. Chan PS, Caron JP, Orth MW: Effect of glucosamine and chon-
droitin sulfate on regulation of gene expression of proteolytic
enzymes and their inhibitors in interleukin-1-challenged
bovine articular cartilage explants.  Am J Vet Res 2005,
66:1870-1876.
35. Duerr S, Stremme S, Soeder S, Bau B, Aigner T: MMP-2/gelati-
nase A is a gene product of human adult articular chondro-
cytes and is increased in osteoarthritic cartilage.  Clin Exp
Rheumatol 2004, 22:603-608.
36. Soder S, Roach HI, Oehler S, Bau B, Haag J, Aigner T: MMP-9/
gelatinase B is a gene product of human adult articular
chondrocytes and increased in osteoarthritic cartilage.  Clin
Exp Rheumatol 2006, 24:302-304.
37. Uldry M, Ibberson M, Hosokawa M, Thorens B: GLUT2 is a high
affinity glucosamine transporter.  FEBS Lett 2002,
524:199-203.
38. Windhaber RA, Wilkins RJ, Meredith D: Functional characterisa-
tion of glucose transport in bovine articular chondrocytes.
Pflugers Arch 2003, 446:572-577.
39. Ahmed S, Rahman A, Hasnain A, Goldberg VM, Haqqi TM: Phenyl
N-tert-butylnitrone down-regulates interleukin-1 beta-stimu-
lated matrix metalloproteinase-13 gene expression in human
chondrocytes: suppression of c-Jun NH2-terminal kinase, p38-
mitogen-activated protein kinase and activating protein-I.  J
Pharmacol Exp Ther 2003, 305:981-988.
40. Ho LJ, Lin LC, Hung LF, Wang SJ, Lee CH, Chang DM, Lai JH, Tai
TY: Retinoic acid blocks pro-inflammatory cytokine-induced
matrix metalloproteinase production by down-regulating JNK-
AP-1 signaling in human chondrocytes.  Biochem Pharmacol
2005, 70:200-208.